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1 | INTRODUCTION

Ischemic stroke is a leading cause of mortality and long-term disability
worldwide (Matsumoto et al., 2020). It constitutes a major public
health burden, yet current therapeutic interventions are limited
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Abstract
The disruption of the blood-brain barrier (BBB) plays a critical role in the pathology of
ischemic stroke. p75 neurotrophin receptor (p75N™?) contributes to the disruption of

SNTR

the blood-retinal barrier in retinal ischemia. However, whether p7 influences the

BBB permeability after acute cerebral ischemia remains unknown. The present study

5NTR on BBB integrity in an

investigated the role and underlying mechanism of p7
ischemic stroke mouse model, middle cerebral artery occlusion (MCAOQ). After 24 h of
MCAOQ, astrocytes and endothelial cells in the infarct-affected brain area up-regulated
p75NTR. Genetic p75N™ knockdown (p75N™*/7) or pharmacological inhibition of
p75NTR using LM11A-31, a selective inhibitor of p75N™R, both attenuated brain dam-
age and BBB leakage in MCAO mice. Astrocyte-specific conditional knockdown of
p75N™R mediated with an adeno-associated virus significantly ameliorated BBB disrup-
tion and brain tissue damage, as well as the neurological functions after stroke. Further
molecular biological examinations indicated that astrocytic p75N™® activated NF-xB
and HIF-1a signals, which upregulated the expression of MMP-9 and vascular endo-
thelial growth factor (VEGF), subsequently leading to tight junction degradation after
ischemia. As a result, increased leukocyte infiltration and microglia activation exacer-
bated brain injury after stroke. Overall, our results provide novel insight into the role of

SNTR 5NTR

astrocytic p7 in BBB disruption after acute cerebral ischemia. The p7 may

therefore be a potential therapeutic target for the treatment of ischemic stroke.
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(Pirson et al., 2020). Thus, there is an urgent need for investigating
the mechanism of stroke-induced ischemic injury to find potential
pharmacological targets of the disease.

Blood-brain barrier (BBB) breakdown is a hallmark of ischemic
stroke, which contributes to the brain pathology (Abdullahi et al., 2018;
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Kassner & Merali, 2015).Therefore, protecting the BBB may be a thera-
peutic strategy for alleviating brain ischemia injury. The BBB is com-
posed of endothelial cells lining the cerebral vasculature, pericytes, and
astrocytic end-feet. The static barrier function of the BBB mainly
dependents on endothelial cells and the tight junctions, which restricts
paracellular permeability. BBB disruption leads to vasogenic edema,
hemorrhagic transformation, and leukocyte infiltration, thereby
augmenting cerebral inflammation and total ischemic brain damage
(Bernstein et al., 2020; Wang et al., 2020). Previous studies reported
various mechanisms leading to BBB breakdown after stroke, including
endothelial dysfunction with abnormal structural alternations of tight
junctions (Jiang et al., 2018; Knowland et al., 2014; Krueger
et al., 2019), and activation of matrix metalloproteinases (MMPs) caus-
ing degradation of endothelial tight junctions (Prakash &
Carmichael, 2015; Zhang, Tang, et al., 2020), and so forth.

Ischemic injury also triggers tremendous activation of glial cells
(Huang et al., 2020; Morizawa et al., 2017; Patabendige et al., 2021;
Williamson et al., 2021). Emerging evidence suggests key roles of astro-
cytes in BBB breakdown after cerebral ischemia (Begum et al., 2018;
Michinaga & Koyama, 2019). On one hand, ion channels (especially the
Kir4.1 potassium channel) and the water channel proteins (especially
aquaporin 4, AQP4) expressed on the astrocytic end-feet directly regu-
late ions and water balance, the increase of which causes swelling of
astrocytic end-feet and further exacerbats brain edema and BBB disrup-
tion after stroke (Filchenko et al., 2020; Vella et al., 2015). On the other
hand, activated astrocytes release chemical molecules (e.g., nitric oxide
and glutamate) and proteins (e.g., MMPs, vascular endothelial growth
factors [VEGF], and endothelin-1), to disrupt endothelial TJs, enhancing
BBB breakdown after ischemic injury (Andras et al., 2007; Li
et al, 2014; Lo et al., 2005; Saha & Pahan, 2006; Yang et al., 2019;
Zhang et al., 2018). Particularly, MMPs (such as MMP9) cause degrada-
tion of tight junction proteins (claudin-5 and occludin, OCLN) and extra-
cellular matrix molecules (including collagen, laminin, and fibronectin)
while VEGF interacts with the receptor tyrosine kinases (VEGFR) on
endothelial cells to downregulate TJ protein expression, accelerating
BBB leakage in the acute phase of stroke (Chen et al, 2019; Wu
et al., 2018; Yang et al., 2007). However, astrocytes were also reported
to play certain protective roles during ischemic stroke. For example,
astrocytes not only provide energy support (Hayakawa et al., 2016), but
also produce a variety of proteins such as angiopoietin-1, Sonic Hedge-
hog, apolipoprotein E (ApoE) and various growth factors (e.g., Glial cell-
derived neurotrophic factor, GDNF and insulin-like growth factor-1,
IGF-1) to inhibit brain endothelial apoptosis, promote endothelial prolif-
eration and enhance expression and reassembly of tight junction pro-
teins (claudin-5, OCLN, and ZO-1), ameliorating the recovery of the
BBB (Bake et al., 2019; Liu et al., 2022; Xia et al., 2013). Taken together,
the role (and its underlying mechanisms) of astrocytes in regulating BBB
functions during cerebral ischemia remains elusive.

The p75 neurotrophin receptor (p75NTR), also called nerve growth
factor receptor (NGFR), is a member of the TNF receptor super family
(Schachtrup et al., 2015). While its expression is very low in healthy
adult brain tissues, it is dramatically upregulated upon various patholog-

ical insults, for example, traumatic brain injury (Schachtrup et al., 2015;

Shi et al., 2013), amyotrophic lateral sclerosis (Taylor et al., 2012),
Alzheimer's disease (Mufson et al., 2019; Nguyen et al., 2014), and
ischemic stroke (Irmady et al., 2014; Jover et al., 2002; Oderfeld-
Nowak et al., 2003; Park et al., 2000). In a MCAO (middle cerebral
artery occlusion)-induced ischemic stroke model, the infarct volume of
p75NTR~/~ mice was significantly reduced compared with the wildtype

5NTR i ischemia (Irmady

(WT) mice, suggesting a deleterious role of p7
et al., 2014). Indeed, the p75NTR was found to induce neuronal apopto-
sis and degeneration under pathological conditions such as ischemia
(Irmady et al., 2014; Jover et al., 2002; Nguyen et al., 2014; Taylor
et al.,, 2012). In addition to neurons, previous studies demonstrated that
p75NTR expression was also increased in astrocytes after ischemic
stroke, though its function is unclear (Oderfeld-Nowak et al., 2003).

5NTR was found to be increased in Miiller

Notably, the expression of p7.
glia in the retina in several disease models (e.g., oxygen-induced reti-
nopathy) (Barcelona et al., 2016; Elshaer et al., 2019; Lebrun-Julien
et al,, 2010; Mysona et al., 2013). Further studies revealed that such
upregulated p75NR induced the inflammatory cytokine production by
Midiller glia, which promoted the blood-retina barrier disruption during
retinal ischemia (Barcelona et al., 2016; Mysona et al., 2013), suggesting

astrocytic p75NTR

in the brain may also play important roles in regulat-
ing BBB function in cerebral ischemic stroke.
In the current study we focused on the effect and potential molec-

ular mechanisms of astrocytic p75"™®

regulating BBB integrity after
ischemic stroke. We reported that p75N™R expression was significantly
increased in astrocytes and endothelial cells in and around the infarct
area of mouse brain after cerebral ischemia. Both genetic knockdown
of p75NTR (p75NTR™7) and adeno-associated virus (AAV) mediated

5NTR

astrocyte-specific p7 conditional knockdown (cKD) significantly

ameliorated the brain tissue damage and BBB leakage. The mechanisms
of astrocytic p75N™R causing BBB disruption involved activation of NF-
xB and HIF-1a signals, which upregulated MMP-9 and VEGF, thus lead-
ing to degradation of tight junction proteins. LM11A-31, an inhibitor of
p75NTR also exhibited a protective effect on ischemic brain injury.
Taken together, our results provided novel insight into the role of astro-
cytic p75N™R in BBB breakdown and p75NTR might be a potential thera-

peutic target for the treatment of ischemic stroke.

2 | MATERIALS AND METHODS

2.1 | Experimental animals

All experimental protocols and animal handling procedures were
approved by the Animal Research Ethics Committee of China Pharma-
ceutical University (Approval No.: 2020-12-002) and were performed
in accordance with institutional, national and international guidelines
for animal care and welfare. The breeding pairs of p75"™® knockout
mice (p75NTR/Exonlll~'~, p75N™R~/~) on a B6.129S background were
given by Professor Yanjiang Wang from the Third Military Medical Uni-
versity as a gift; and GFAP-cre transgenic mice on a B6.Cg background
were purchased from the Jaxson Laboratory (ME, USA; #024098). Wild
type C57BL/6J mice were purchased from Vital River Laboratory
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Animal Technology (Beijing, China). All the animals were raised and
bred under specific pathogen-free conditions in the Animal Research
Centre of China Pharmaceutical University. Mutants were outbred for
more than six generations to obtain p75N™® heterozygotes and GFAP-
cre transgenic mice used in this study. All mice were kept on a standard
12 h light-to-dark cycle with ad libitum access to food and water.

2.2 | Transient middle cerebral artery occlusion

A transient right MCAO was performed as previously described
(Zhang, Tang, et al., 2020). Briefly, 10-12-week-old male mice were
anesthetized with 1.5% isoflurane using a Rodent Anesthesia Machine
(RWD Life Science, Shenzhen, China). Then, the right common carotid
artery, internal carotid artery (ICA), and external carotid artery (ECA)
were surgically exposed. A silicone-coated surgical nylon filament
(Sunbio Biotech, Beijing, China) was inserted into the right ICA
through the ECA stump to block the origin of the middle cerebral
artery, when a slight resistance was felt, the threading was stopped.
The filament was placed there for 1 h, resulting in ischemic injury.
One hour later, the filament was gently removed for the reperfusion.
The mice of the sham group underwent the same procedures except
for filament insertion. Warming pads were used to maintain the rectal
temperatures at 37.0 + 0.5°C during surgery. Mice in which regional
cerebral blood flow did not reduced at least 75% of baseline
(Figure S1a) according to laser Doppler flowmetry (Perimed, Hong
Kong, China) were excluded from the study. We also observed stroke
outcomes induced by the MCAO surgery. The cerebral infarction
reached 47.33 + 9.14% and neurological functional deficits occurred

(measured by neurological severity scores [NSS]) (Figure S1).

2.3 | Adeno-associated virus injection

Adeno-associated virus (generic serotype 2/9 AAV) of p75NR and the
control AAV were purchased from Hanbio Biotechnology (Shanghai,
China). To knockdown p75NTR we designed a siRNA oligomer targeting
the mouse Ngfr (5'-GGTCGAGAAGCTGCTCAAT-3'). This siRNA was
cloned into a Cre-dependent and miR30-based shRNA expression vec-
tor (pAKD-CMV-bGlobin-FLEX-miR30-sh-p75N™R), which was packed
into AAV (generic serotype 2/9). The AAV9 (pAKD-CMV-bGlobin-
FLEX) was used as control. To allow the expression of miR30-sh-
p75NTR in astrocytes, we injected the designed AAV into the brain of
GFAP-Cre mice. Briefly, 21 days before MCAQ, the male mice were
anesthetized with 1.5% isoflurane before AAV injection (RWD Life Sci-
ence, Shenzhen, China). One microliter (1 x 10*° units/pl) of AAV was
injected into the right cerebral cortices of GFAP-cre mice using a ste-
reotaxic apparatus (RWD Life Science, Shenzhen, China) according to a
previous report (Caracciolo et al., 2018). The stereotaxic coordinates of
the injection location were as follows: 0.2 mm anterior, 0.75 mm ven-
tral, and 1.5 mm right lateral to the bregma. The temperature of mice
was maintained at 37.5 + 0.5°C during the operation by using a heating

pad till the mice were fully awake from the anesthetized state.

2.4 | Neurological function assessment

Neurological functions were evaluated at 24 h after reperfusion
according to the guidelines of the NSS (Flierl et al., 2009). The whole
assessment was performed by an investigator who was blinded to
the groupings. The scale was based on the following eight individual
tests: (1) Exit circle; (2) Seeking behavior; (3) Monoparesis/
hemiparesis; (4) Straight walk; (5) Startle reflex; (6) Beam balancing;
(7) Beam walk; (8) Round stick balancing. The absence of neurologi-
cal deficits was scored as O; neurological deficits were scored as
1, except Beam walk test was 0-3 points. The eight individual test
scores were summed up at the end of the evaluation (minimum
score, 0; maximum score, 10).

25 |
edema

Measurement of infarct volume and brain

At 24 h after reperfusion, mice were sacrificed and the brains were
rapidly removed and mildly frozen at —20°C for 10 min (Lin
2013). measured by
2,3,5-triphenyltetrazolium chloride (TTC) staining (Peng et al., 2020).
Briefly, brains were sliced into five serial 2 mm coronal sections and
incubated with 2% TTC solution (Sigma-Aldrich, St. Louis, MO, USA)
for 30 min at 37°C in the dark. After fixed with 4% paraformaldehyde

solution for 20 min, the images of brain sections were captured using

et al., Infarct  volume was then

a digital camera and analyzed using ImageJ (http://rsb.info.nih.gov/ij/
). To compensate for the effect of brain edema, the corrected infarct
volume was calculated as follows: percentage of corrected infarct
volume = {[Total lesion volume (TTC negative region) — (ipsilateral
hemisphere volume — contralateral hemisphere volume)]/contralat-
eral hemisphere volume} x 100%. Brain edema was evaluated by the
enlargement of the ischemic hemisphere as previously described
(Liang et al., 2020). Brain edema volume was quantified as: [(ipsilateral
hemisphere volume — contralateral hemisphere volume)/contralateral
hemisphere volume] x 100%.

2.6 | Evans blue assay

The impaired BBB integrity was measured by Evans Blue (EB) leakage
in the brain as previously reported (Wang et al., 2020). EB dye (2%,
4 ml/kg; Sigma-Aldrich) was intravenously administered via the tail
vein 23 h after reperfusion. After 1 h of circulation, the mice were
anesthetized and perfused with saline. The brains were isolated and
cut into five 2-mm-thick coronal slices, which were photographed to
visualize the dye leakage. Then, quantitative assessment of the dye
content in the ischemic hemispheric tissue was conducted. Ipsilateral
brain tissues were weighed and homogenized in 1 ml 50% trichlor-
oacetic acid. After centrifugation (10,000 x g, 20 min), the superna-
tant was collected and measured on a microplate fluorescence reader
at 620 nm. The amount of EB dye was expressed as pg/g of wet tissue
weight, using a standard curve.
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2.7 | Western blot analysis

Total proteins were extracted using RIPA buffer (Beyotime Biotech-
nology, Haimen, China) with PMSF (Beyotime Biotechnology). The
protein concentrations were measured using a BCA protein assay kit
(Beyotime Biotechnology). Next, 30 ug per lane proteins were sepa-
rated by SDS-PAGE and then transferred to nitrocellulose membranes
(Millipore, Billerica, MA, USA). The membranes were blocked with 5%
non-fat milk in Tris-buffered saline containing 1/1000 Tween 20 for
1 h, then washed twice and probed with primary antibodies overnight
at 4°C. The primary antibodies: anti-p75"™® (Santa Cruz Biotechnol-
ogy, Fort Worth, TX, sc-13,577), anti-VEGF (Santa Cruz Biotechnol-
ogy; sc-7269), anti-OCLN (Invitrogen, Carlsbad, CA; 71-1500), anti-
ZO-1 (Invitrogen; 61-7300), anti-AQP4 (Proteintech Group, Ros-
emount, IL; 16,473-1-AP), anti-MMP9 (Proteintech Group;
10,375-2-AP) and anti-g-actin (Proteintech Group; 20,536-1-AP) were
used at 1:1000 dilution. The membranes were washed three times
(10 min each) and then incubated with horseradish peroxidase-
conjugated goat anti-rabbit/mouse IgG (Sigma-Aldrich) secondary
antibodies for 1 h. After rinsing with TBST for three times, the bands
were visualized by enhanced chemiluminescence (ECL) Advance Kit
(Bio-Rad, Hercules, CA, USA) and quantified by densitometric analysis
(Image)) (http://rsh.info.nih.gov/ij/). p-actin was used as an internal
loading control.

2.8 | Immunofluorescence

Mice were euthanized and sacrificed at 24 h after reperfusion. The
brains were perfused with saline followed by fixation with a 4%
paraformaldehyde solution, then immersed in 20% and 30% sucrose
for 3 days for dehydration. After freezing in a cryostat microtome
(SM2000R; Leica, Wetzlar, Germany), the brains were sliced into
20 pm thick sections at the position of bregma approximating —1 to
1 mm using a cryostat (Leica, Buffalo Grove, IL, USA). The sections
were permeabilized with 0.3% Triton X-100 in phosphate-buffered
saline (PBS) for 15 min. After blocking with 10% goat serum in PBS
for 1 h, the sections were incubated with the indicated primary
antibodies at 4°C overnight. The primary antibodies were as fol-
lows: mouse anti-GFAP (1:500; Millipore Sigma; MAB360), rabbit
anti-p75NTR (1:300; Promega Corporation, Madison, WI; G3231;
Cheng et al., 2018), rat anti-CD31 (1:300; Abcam, Boston, MA;
ab56299), rabbit anti-OCLN (1:100; Invitrogen; 71-1500), rabbit
anti-ZO-1 (1:50; Invitrogen; 61-7300), rabbit anti-CD45 (1:100;
Proteintech Group; 20,103-1-AP), rat anti-CD11b (1:250;
eBioscience, San Diego, CA, 14-0112), rabbit anti-lbal (1:250;
Waco, Wakayama, Japan; 019-19,741) or rat anti-CD68 (1:250;
Bio-Rad, Hercules, CA, MCA1957) at 4°C overnight. After rinsing
three times, the sections were treated with a mix of the appropriate
secondary antibodies—Alexa-Fluor 488/633 conjugated anti-rab-
bit/mouse or Alexa-Fluor 488/633 conjugated anti-rabbit/rat
(1:500; Invitrogen) for 1 h, followed by a 10 min incubation with
Hoechst.

Since the ipsilateral dorsal cortex is the most affected area in the
MCAO model, we thereby focused on the infarct core and penumbra
area in the dorsal cortex. The fluorescent images of the ipsilateral
cerebral cortices were captured by an Olympus Fluoview FV1000
confocal microscope (20x objective, Olympus, Japan) from at least
four slices per mouse using FV10-ASW 2.0 software. The filter
DM405/488/543/633 was used. Specifically, the IF staining images
were collected under fixed excitation light intensity and exposure
time. For each slide from a mouse, at least five random fields were
collected under appropriate magnification. Then, the original images
were subjected to average grayscale value on the selected region by
using Image) software (http://rsb.info.nih.gov/ij/). For mean fluores-
cence intensity (MFI), a region of interest (ROI) on each image was
drawn and add to the ROl manager, the mean gray value of the region
was measured. The MFI of ZO-1% or OCLN™ was normalized by the
MFI of CD31" signals on the same brain region to present the
relative MFI.

29 | Gelatin zymography assay

Gelatin zymography assay was performed using the MMP
Zymography Assay Kit (Shanghai Xinfan biotechnology, Shanghai,
China) following the manufacturer's instructions. Brain tissues were
homogenized in 0.25% Nacl and the protein concentrations were
measured using a BCA protein assay kit (Beyotime Biotechnology).
Next, 100 pg per lane proteins were mixed with 2x Non-Reducing
Loading buffer and then separated by SDS-PAGE electrophoresis
with 8% separating gel containing 10% gelatin. Zymograms were
renaturated and developed with zinc-containing Reaction Buffer at
37°C for 36 h. After the enzymatic reaction, the gels were stained
with Coomassie Brilliant Blue and incubated in destaining solution
for 2 h to de-stain. Protease activity seemed as clear bands were
quantified by densitometric analysis (Imagel) (http://rsb.info.nih.
gov/ij/).

210 | Magnetic-activated cell sorting

Magnetic-activated cell sorting (MAC-sorting) was performed
according to previous report (Holt, Stoyanof & Olsen, 2019). At 24 h
after MCAO reperfusion, the MCAO mice and the sham operated
control mice were perfused with saline (4°C) and the brains were iso-
lated in ice cold D-Hanks buffer. Cortices were dissected from the
brains and the ischemic brain tissue in the ipsilateral cerebral cortices
was collected and digested with 2 mg/ml papain (MedChem Express,
Monmouth Junction, NJ, USA) with 1000 U/ml DNase (Roche Life
Science, Penzberg, Germany). The tissue/papain mixture was incu-
bated in a water bath set to 37°C for 30 min. The tubes were swirled
every 5 min to maximize the tissue's exposure to the papain. The tis-
sue was gently titrated until the solution was homogenous and cen-
trifuged at 300 x g for 3 min at room temperature. The cell pellet was

resuspended in 0.5% BSA in PBS solution. A discontinuous density
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gradient was prepared by percoll dissociation solution (a mixture of
1.8 ml percoll, 200 pl 10x D-Hanks, and 8 ml 1x D-Hanks). The cell
suspension was carefully layered on top of the percoll dissociation
solution and centrifuged at 500 x g for 20 min at room temperature.
The pelleted cells were suspended in 0.5% BSA in PBS solution and
filtered with a 70 pm BD Falcon filter to remove any non-dissociated
tissue and to obtain a single-cell suspension. Then, magnetic cell
sorting was conducted according to the manufacturer's instructions
using Anti-GLAST MicroBead Kit (Miltenyi Biotec, Germany). Cells
were then fluorescently stained with Anti-GLAST (ACSA-1)-PE
(Miltenyi Biotec, Germany) and the purity of the sorted astrocytes
was ~90% analyzed by flow cytometry (Figure S4b).

211 | Astrocyte primary cultures

Astrocyte primary cultures were prepared as previously described
(Shan et al., 2019). Briefly, primary cultures of cortical astrocytes were
prepared from neonatal C57BL/6 mice at postnatal day 1. Cortices
were dissected from the brains, and the meninges were carefully
removed. The cortices were dissociated into a cell suspension by
digestion with 0.25% trypsin and 1000 U/ml DNase (Roche Life Sci-
ence) for 10 min at 37°C. After centrifuged at 1500 rpm for 10 min at
4°C, the pellet was resuspended in DMEM/F12 (DF12) medium with
10% FBS and filtered with a 70 pm cell strainer (BD Biosciences, San
Jose, CA, USA). The cells were then seeded in 75 cm? cell culture
flasks at a density of 2.0 x 107cells/well and cultured at 37°C in a
humidified atmosphere of 5% CO2 /95% air. After 7-9 days of cul-
ture, the cells reached 80%-90% confluency and were shaken
(200 rpm) for 18 h to minimize microglial contamination. Adherent
astrocytes were detached and resuspended by using 0.25% trypsin/
EDTA (Beyotime Biotechnology), and the recovered cells were cul-
tured on the bottom of a six-well or 24-well plate. Astrocyte purity
was determined using immunofluorescence staining for GFAP.

Ninety-five percent of the cultured cells were identified as astrocytes.

212 | bEnd.3 cell culture

The mouse brain endothelial cell line, bEnd.3, was obtained from the
American Type Culture Collection (Manassas, VA, USA) and cultured
in DF12 medium (Gibco, Carlsbad, CA, USA) supplemented with 10%
FBS (Gibco) and 100 U penicillin/100 pg streptomycin (Invitrogen).
The cell medium was refreshed every 2 days, and the cells were sub-
cultured using 0.25% trypsin at a ratio of 1:3 every 3 days (Shan
et al., 2019). The bEnd.3 cells used in the experiments were from the
3rd-5th passages.

213 | Transfection with siRNA

Small interfering RNA (siRNA) transfection was performed using

Lipofectamine 3000 and Opti-MEM following the manufacturer's

instructions (Invitrogen). siRNA that specifically targeted nucleotides
325-343 of mouse p75N™® (GenBank accession no. NM_002507.4)
and the scrambled control were purchased from OBiO Technology
Corp., Ltd. (Shanghai, China). The sequence of siRNA primers of
p75NTR were 5'-CCAACCAGACCGUGUGUGATT-3 and 5'-UCAC
ACACGGUCUGGUUGGTT-3'. Primary astrocytes were seeded on
six-well or 24-well plates the day before transfection. The cells were
transfected with p75NTR siRNA or scrambled control (100 nM final
concentrations) by 4 ul/ml Lipofectamine 3000 for 6 h. The medium
was then replaced with complete DF12 medium. The transfection
efficiency was verified 48 h after transfection using fluorescence
microscopy.

2.14 | Transfection with p75NTR overexpression

lentivirus

The p75N™R overexpression lentivirus and GFP control lentivirus were
purchased from OBiO Technology Corp., Ltd. (Shanghai, China) and
transfected astrocytes following the manufacturer's instructions. Pri-
mary astrocytes were seeded on 24-well plates the day before trans-
fection. The cells were transfected with lentivirus (MOl = 10) with
50 pg/ml (final concentration) polybreme for 24 h. After 24 h trans-
fection, the lentivirus was removed and replaced with complete DF12
medium.

215 | Construction of the in vitro BBB model

The in vitro BBB model was constructed as previously described (Ma
et al., 2020; Zhang, Tang, et al., 2020). Briefly, astrocytes were
plated on the bottom of a 24-well culture plate at a density of
5 x 10* cells/cm? (Corning, NY, NY, USA). The bEnd3 cells were
seeded on the luminal side of the collagen-coated polyester mem-
brane of the inserts (0.4 pm mean pore size) at a density of 4 x 10*
cells/cm? (Millipore). The seeded cells were allowed to grow at 37°C
in a 5% CO,/95% air atmosphere until they reached 80%-90% con-
fluence. Then, the inserts were placed in the wells of 24-well culture
plates containing astrocytes to co-cultured together for 24 h, and
then prepared for oxygen and glucose deprivation/reperfusion
(OGD/R) experiments.

216 | Oxygen and glucose deprivation/
reoxygenation

Oxygen and glucose deprivation/reoxygenation (OGD/R) treatment
was performed as previously described (Peng et al., 2020; Wang
et al., 2020). Astrocytes were rinsed twice with PBS and incubated in
glucose-free DMEM (Invitrogen) in a hypoxia incubator (Thermo
Fisher Scientific, Waltham, MA, USA). The incubator was flushed with
gas (1% O,, 5% CO,, balanced with N,). The plates were then trans-
ferred to the hypoxia incubator and left in OGD conditions (1% O,
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5% CO,, balanced with N,) for a further 4 h. After OGD, the serum-
free and glucose-free medium was replaced with glucose-containing
DF12. Then, the OGD cells were returned to normal conditions (95%
air and 5% CO,) for 20 h of reperfusion.

217 | Drug treatment
Adult mice received a single intravenous injection (i.v.) injection of
50 mg/kg LM11A-31 dihydrochloride (CAS: 1243259-19-9;
MedChem Express, New Jersey, USA) immediately after the reperfu-
sion of the MCAO operation (Elshaer et al, 2019; Knowles
et al,, 2013; Simmons et al., 2016). The LM11A-31 ((25,3S)-2-Amino-
3-methyl-N-[2-(4-morpholinyl)ethyl] pentanamide dihydrochloride)
was obtained from MedChem Express (New Jersey, USA) at >98.0%
purity, and the structure was confirmed by liquid chromatography/
mass spectroscopy (LC-MS/MS) analysis. The LM11A-31 was diluted
in saline. Control mice received a single i.v. injection of saline under
the same conditions.

In vitro, LM11A-31 was dissolved in PBS to a concentration of
10 mM (10,000 stock solution) and diluted in DF12 medium to a
final concentration of 1 pM before use. The y-secretase inhibitor
(Compound E), NF-xB p65 inhibitor (JSH-23), and HIF-1« inhibitor
(PX-478) (209986-17-4, 749,886-87-1, and 685,898-44-6, respec-
tively, MedChem Express) were separately dissolved in dimethyl sulf-
oxide and diluted in DF12 medium to a final concentration of 1 pM
(Le Moan et al., 2011; Schachtrup et al., 2015), 10 pM (Shin
et al, 2014), and 20 uM (Fernandez Esmerats et al., 2019) respec-
tively. The inhibitors were separately added to astrocytes 10 min
before OGD and reoxygenation treatment. The control group
received the same volume of solvent with the same administrative

methods, at the same time of drug administration.

2.18 | Invitro BBB permeability assay

Permeability of the in vitro BBB model was measured as previously
described (Kuo et al, 2019; P. Wang et al, 2021). In brief, after
OGD/R treatment, 750 pl DF12 medium was added to each lower
chamber and 150 ml DF12 medium containing 1 mg/ml fluorescein
isothiocyanate-dextran (FITC-dextran 70 kDa; Invitrogen) was added
to each insert (luminal chamber). After incubation for 2 h at 37°C in
5% CO,/95% air, the insert was removed. Aliquots of 200 pl condi-
tioned medium (CM) from the abluminal chamber were collected and
the fluorescence intensity at 520 nm was measured using a microplate
reader (Bio-Rad, Hercules, CA, USA).

219 | Cultures of bEnd.3 cells with different types
of astrocyte conditioned medium

After culturing under normal culture conditions to 80%-90% conflu-

ence, bEnd.3 cells were cultured with different types of astrocyte-

conditioned medium (ACM) during OGD and reoxygenation processes
(Shan et al., 2019). The grouping of the bEnd.3 cells treated with ACM
was based on astrocyte treatment and included normal O, group, the
OGD/R blank group, the OGD/R + LM11A-31 group, the OGD/R
+ Compound E group, the OGD/R + JSH-23 group, and the OGD/R
+ PX-478 group.

220 | Measurement of cell viability

The cell viability was evaluated by using the CCK-8 assay kit
(Dojindo, Kumamoto, Japan) following the manufacturer's instruc-
tions (Peng et al., 2020). 10 pl CCK-8 assay Kit was added into
100 pl cell culture medium in the 96-well plates and cultured at 37°C
for up to 4 h. The fluorescence intensity was measured using a
microplate reader (Bio-Rad, Hercules, CA, USA) at an absorbance of
450 nm.

2.21 | Statistical analysis

GraphPad Prism software, version 6.0 (USA) was used for statisti-
cal analysis, and the results were presented as a mean + SD. Indi-
vidual comparisons were assessed using an unpaired Student's
t-test, and multiple comparisons were performed using one-way
analysis of variance with Tukey's post hoc tests. All tests were con-
sidered statistically significant at p <.05. *p<.05; **p<.01;
***p <.001.

3 | RESULTS
31 | p75"TR deficiency ameliorates stroke-
induced brain tissue damage and BBB breakdown

To investigate the role of p75N™R on BBB permeability in ischemic
stroke, firstly we evaluated p75N™R expression in the ipsilateral corti-
ces after inducing stroke in the mice using a transient MCAO model
(Zhang, Tang, et al., 2020) (Figure 2a, Figure S1). In line with previous
reports (Irmady et al., 2014), the Western blot results showed that
p75NTR expression was indeed increased in the ipsilateral cortices at
24 h after stroke (vs. the sham group, ***p < .001) (Figure 2a). To ver-
ify the involvement of p75N™® on BBB disruption, we induced MCAO
in p75NTR*/~ mice and their WT littermates (Figure 1a, Figure S4a). At
24 h after ischemia reperfusion, smaller infarct volumes was observed
in p75"TR*/~ mice compared to the WT (WT: 40.15 + 10.44%;
p75NTR+/=. 21.48 + 4.47%) (Figure 1b,c). In addition, both the brain
edema volumes (WT: 7.96 % 3.65%; p75NTR*~: 3.98 +2.31%)
(Figure 1d) and EB dye extravasation (WT: 10.16 + 2.72 pg/g; p75" ™}
+/=: 4.25 + 153 pg/g) (Figure 1e,f) were reduced in p75N™® knock-
down mice, suggesting p75N"R is involved in the BBB disruption after
ischemic stroke. We further assessed the expression of TJ proteins in

the infarct cores and penumbra of p75N"’*/~ and WT mice by
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immunostaining of CD31 and ZO-1/occludin (OCLN) (Figure 1g,h,j).
The MFI of ZO-1 and OCLN in the infarct cores (relative MFI of
ZO-1: WT, 0.27 + 0.037; p75NTR*/~, 0.41 + 0.046; *p < .05; OCLN:
WT, 0.26 + 0.058; p75NTR*/~ 0.43 + 0.042; *p < .05) as well as in
the penumbra was increased in p75N"R*/~ mice after MCAO
(Figure 1h-k) (ZO-1: WT, 0.45 + 0.043; p75"TR*/~, 0.58 + 0.061;
*p <.05 OCLN: WT, 0.42+£0.052; p75"T"*/~, 0.55 +0.049;
*p < .05), indicating a better preserved TJ protein expression in the
mutant mice. Taken together, these results suggested that provoked

p75NTR expression after ischemic stroke contributed to the brain

3.2 | The p75"NTR expression is upregulated in
astrocytes and endothelial cells after ischemic brain

injury

To identify the cellular source of p75N™®, we performed immuno-
staining in the ipsilateral brain combining p75N™ and cell specific
markers (Cheng et al., 2018; Saadipour et al., 2018). To determine the

dynamic changes of p75NTR

expression after MCAO, we performed
IHC to brain slices acquired at 1, 8, 18, and 24 h post injury (hpi). In

line with previous studies (Andsberg et al., 2001; Angelo et al., 2009;

pathology including cerebrovascular impairment, while genetic Park et al., 2000), we observed the p75N™R expression in the ischemic

knockdown of p75N™R ameliorated the BBB function after cerebral area particularly in neurons already at 1 hpi (Figure S2b). From as early
ischemia. as at least 8 hpi, we also found a number of p75NTR* cells bearing
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FIGURE 1 The p75N™R deficiency ameliorates stroke-induced brain tissue injury, brain edema, and blood-brain barrier breakdown.

(a) Western blot analysis and quantification of p75N™R in the cerebral cortices of WT and p75™N""*/~ mice at 24 hr after MCAO operation. N = 4
for both groups. (b) Representative images of TTC staining in WT and p75N"?*/~ mice. Each group, N = 6. (c) Quantitative analysis of infarct
volume (as a percentage of the ipsilateral hemisphere) in WT and p75NTR+/~ mice. N = 6. (d) Quantitative analysis of relative edema volumes by
measuring ischemic hemispheric enlargements in WT and p75"™**/~ mice. N = 6. (e, f) representative brain slices showed Evans blue

(EB) extravasation (blue dye leakage) (top) and quantitative analysis of EB content in ischemic hemispheres (bottom) in WT and p75"™"*/~ mice.
N = 7. (g) the schematic diagram of the area chosen to be analyzed in the immunofluorescent staining experiment. (h-k) Immunofluorescence co-
staining of ZO-1 (green) and CD31 (red) (h, i) and immunofluorescent co-staining of occludin (OCLN) (green) and CD31 (red) (j, k) in infarct cores
and penumbra in the ischemic cortices of WT and p75NTR*/~ mice. Scale bars = 50 pm. Relative mean fluorescence intensity (MFI) of ZO-1 / MFI
of CD31 in CD31" cells and relative MFI of OCLN/CD31 in CD31" cells were shown on the right side. Total around 120 CD31" cells per mice
were counted. N = 3. Data are expressed as the mean + SD. *p < .05; **p < .01; ***p < .001;ns, not significant. MCAO, middle cerebral artery
occlusion; MFI, mean fluorescence intensity; OCLN, occludin; ZO-1, zonula occludens-1
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FIGURE 2 The expression of p75"™R in the cerebral cortices after ischemic brain injury. (a) Western blot analysis and quantification of p75N"™R in
the cerebral cortices of wild-type mice 24 hr after sham or middle cerebral artery occlusion (MCAQ) operation. N = 7. (b) Western blot analysis and
quantification of p75NR expression in MACS-sorted astrocytes obtained from the ischemic cortices of the wild-type sham and MCAO mice. N = 4.
(c, d) representative immunofluorescent co-staining of p75™™® (green) and GFAP (red) in the cortices of the sham and MCAO mice. (d') large
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top: Infarct cores, bottom: Penumbra. Arrows: p75™ TR+ cells showed astrocyte-like morphology. Arrow heads: p75N™R* cells showed blood vessel-
like morphology. Scale bars = 50 um. () Inmunofluorescent co-staining of p75N™® (green) and CD31 (red) in the cortices of stroke mice. The
separation of the infarct cores and penumbra was marked by the dash lines, top: Infarct cores, bottom: Penumbra. Arrows: p75NTR* cells showed
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CD31" double positive cells in GFAP* or CD31" single positive cell. N = 4. Data are expressed as the mean * SD. *p < .05; **p < .01; ***p < .001.

[Correction added on January 28, 2022, after first online publication: Figure 2 has been updated with revised version]

astrocyte-like or vascular morphology both in the infarct cores and pen- respectively) (Figure 2f.g). In addition, p75"™ immunoblot signals were

umbra, but not in the uninjured area or in the brains of sham mice increased in the MAC-sorted cortical astrocytes of stroke mice

(Figure 2c-e, Figure S2a,c,d). Double immunostaining of p75N"™® and
GFAP (astrocyte marker)/CD31 (endothelial cell marker) confirmed that
indeed a subset of astrocytes and endothelial cells upregulated the
expression of p75"™R in the ischemic area (Figure $2c,d). Further quan-
tification demonstrated that although the density of p75NTR*GFAP*
astrocytes (cell number in 400 x 400 pmz) did not change in the ische-
mic core but slightly increased from ~16.5 (8 hpi) to ~25 (24 hpi) in the
penumbra, the proportion of GFAP™ astrocytes expressing p75N'R
increased gradually from 8 to 24 hpi both in the ischemic core and pen-
umbra (from ~30% to ~52% and from ~24% to ~56%, respectively)
(Figure 2f,g). However, both the density and the proportion of CD31*

SNTR

endothelial cells expressing p7 maintained at the same level over

time (about 30% and 27% in the infarct core and penumbra,

(***p < .001) at 24 hpi (Figure 2b, Figure S4b), further confirming the
upregulation of p75NTR in astrocytes triggered by cerebral ischemia.
Taken together, our results suggested that in addition to neurons, a sig-
nificant number of astrocytes and endothelial cells expressed p75NTR

already at early stage after ischemic injury.

3.3 | Astrocyte-specific knockdown of p75NTR
mitigates ischemia-induced brain tissue injury and
improves neurological functions after stroke

To investigate the role of astrocytic p75N"R on ischemic brain injury,
an AAV containing pAKD-CMV-bGlobin-FLEX-miR30-sh-p75NTR
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FIGURE 3 Astrocyte-conditional knockdown of p75NTR mitigates ischemia-induced glia activation, brain tissue injury and improves
neurological functions after stroke. (a) The schematic diagram showing how the p75NTR knockdown adeno-associated virus (AAV) targeting
astrocytes to achieve astrocyte-conditional knockdown of p75NTR. 21 days before MCAO operation, the AAV (pAKD-CMV-bGlobin-Flex-p75NTR-
miR30-shRNA) was injected into the GFAP-cre mice. The reversed sequence of miR30-shRNA of p75NTR was inserted between 2-LoxP-
Lox2272-sequence and would flanked to express the shRNAs of p75NTR when meet the cre enzymes. (b) Western blot analysis and

(e) quantification of p75"TR expression in MACS-sorted astrocytes obtained from the ischemic cortices of the mice injected with control AAV or
astrocyte p75™TR conditional knockdown (p75N™R cKD, cKD) AAV. N = 4. (c) Immunofluorescent staining of p75N'R (green) and GFAP (red) and
quantification of p75NTR* GFAP* astrocytes and the area percentage of GFAP™ activated astrocytes in the infarct cores of the mice cortices in
control and p75N™R cKD mice. The infarct cores were marked by the dash lines, left: Uninjured area, right: Infarct cores. Scale bar = 50 pm. N = 4.
(d) Representative TTC staining of mice brains in control mice and p75NTR cKD mice. (f) Quantitative analysis of infarct volumes. N = 8.

(g) Immunofluorescent staining and quantitative analysis of CD68 (red) and Iba1 (green) double positive cells in the infarct-affected area in
cortices. Scale bars = 50 pm. N = 3. (h) Quantitative analysis of relative edema volumes by measuring ischemic hemispheric enlargements. N = 8.
(i) Neurological severity scores indicating neurological functions. N = 15. Data are expressed as the mean + SD. *p < .05; **p < .01; ***p < .001.
Ctrl, control; cKD, p75NTR cKD, astrocyte-specific p75NTR conditional knockdown

vector was injected into the deep dorsal cortex of GFAP-cre mice to
achieve specific silencing of p75"™R in astrocytes (astrocyte-specific
p75NTR conditional knockdown, p75NTR cKD) (Figure 3a). Western
blot results indicated this AAV-mediated p75N™R cKD approach cau-
sed a ~40% reduction of p75NTR expression in MAC-sorted astrocytes
under the basal conditions (Figure 3b,e). After MCAO insult, the
increase of p75NTR expression in cortical astrocytes was also signifi-
cantly attenuated by ~55% in p75NTR cKD mice, compared with those
treated with the control AAV (Figure 3b,e). In line with the Western
blot results, IHC experiments revealed that the number of p75NTR+
GFAP' double positive astrocytes in the infarct-affected area of

p75NTR cKD mice decreased significantly (Figure 3c) (cell number in

400 x 400 pm?, Ctrl: 21.78 + 6.39; p75NTR cKD: 7.88 + 1.97), indicat-
ing a successful knockdown of p75NTR in astrocytes.

Then, we assessed the activation of astrocytes by measuring the
area occupied by GFAP™ astrocytes in the infarct-affected cortices
and found that p75N™R cKD reduced astrocyte activation (Ctrl: 13.53
+1.90%; p75N™R cKD: 5.66 + 2.06%) (Figure 3c). Astrocytic p75N™R
knockdown also decreased the number of activated microglia (CD68"
Ibal™) in the infarct-affected cortices (Figure 3g) (Ctrl: 6.41 + 0.89;
p75NTR cKD: 3.78 + 0.29). Subsequently, we further determined post-
stroke outcomes in p75NTR cKD mice. The results showed that the
infarct volumes (Ctrl: 41.34 + 11.08%; p75N™R cKD: 29.01 + 9.84%,
*p <.05) (Figure 3d,f) and cerebral edema volumes (Ctrl: 9.42
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FIGURE 4 Astrocyte-conditional knockdown of p75™N™R ameliorats BBB disruption after stroke. (a, d) immunofluorescence staining and
quantitative analysis of 1gG extravasation into the parenchyma in the infarct cores and penumbra of control and p75™™® cKD mice. Scale

bar = 50 um. N = 4. (b, €) representative EB staining images and quantitative analysis of EB content in ischemic hemispheres in control mice and
p75NTR cKD mice. N = 7. (c) Immunofluorescent staining and quantification of CD45 (green) high expressing and CD11b (red) high expressing
cells in the infarct area of ischemic cortices. Scale bars = 50 pm. N = 3. Data are expressed as the mean + SD. *p < .05; **p < .01; ***p < .001; ns,
not significant. Ctrl, control; cKD, p75N™R cKD, astrocyte-specific p75N"R conditional knockdown

+2.47%:; p75NTR cKD: 4.96 + 2.36%, **p < .01) (Figure 3h) were sig-
5NTR

p75NTR cKD: 2.96 +0.83%) and penumbra (Ctrl: 4.22 + 1.70%;
p75NTR cKD: 2.09 + 1.35%) was also reduced in p75™™® cKD mice

(Figure 4b,e). Given that tight junction proteins between endothe-

nificantly smaller in p7 cKD mice (vs. the control mice). Further-
more, the p75NTR cKD mice had lower NSS (Ctrl: 9.20 + 0.94; p75NTR
cKD: 8.00 + 1.73, *p < .05), indicating improved neurological functions lial cells are vital for the maintenance of the BBB integrity (Jiao
2011; Sandoval & Witt, 2008), the effect of astrocytic

p75NTR on the loss of tight junctions following cerebral ischemia

after stroke (Figure 3i). These results revealed that astrocyte p75N™R et al.,
contributed to the ischemia-induced brain tissue injury after stroke.
was evaluated. Western blot results showed a protection of tight
junction proteins ZO-1 (*p < .05) and OCLN (*p < .05) in the ische-
mic cortices of p75NTR cKD mice (Figure 5a,b). IHC results revealed
that relative MFls of ZO-1 and OCLN were significantly higher in
the infarct cores (ZO-1: 0.28 + 0.046 in contol group, 0.40 + 0.035
in p75NTR cKD group; OCLN: 0.27 + 0.036 in contol group, 0.43
+0.049 in p75"TR cKD group) and in the penumbra (ZO-1: Ctrl,
0.47 £ 0.048; p75N™® cKD, 0.58 + 0.054; OCLN: Ctrl, 0.41 + 0.046;
p75NTR ¢cKD, 0.59 +0.064) in p75NTR cKD mice (Figure 5c-f),
suggesting that knockdown of astrocytic p75N™R preserved tight

34 | Knockdown of astrocytic p75"TR ameliorates
BBB disruption after ischemic stroke

5NTR increases vas-

Since astrocytes regulate BBB integrity and p7
cular permeability of the blood-retinal barrier in hypoxia conditions
2016; Le Moan et al., 2011), we asked whether

astrocytic p75NTR affected BBB integrity after ischemic stroke. We

(Barcelona et al.,

assessed BBB permeability by measuring the amounts of EB dye
and autogenous IgG leakage in the brain parenchyma. Acute cere-
bral ischemia-induced robust BBB leakage of EB dye in the infarct

junctions after brain ischemic injury. In addition, by analyzing the
leukocyte infiltration caused by BBB disruption (Li et al., 2018; Sifat
area of control mice, whereas astrocytic p75N"® knockdown et al., 2017), we observed that astrocytic p75N"® knockdown signif-
reduced EB extravasation (Ctrl: 9.59 + 2.62 pg/g; p75N™R cKD:
5.53 + 1.95 pg/g, **p < .01) (Figure 4a,d). In parallel, the extravasa-

tion of autogenous IgG in the infarct cores (Ctrl: 4.91 + 1.17%;

icantly reduced the infiltration of leukocytes (CD45 high expressing
and CD11b high expressing, CD45"&" CD11b"8" cells) around the
infarct cores (Figure 4c) (cell number in 100 x 100 um?, Ctrl: 10.04
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FIGURE 5

Knockdown of astrocytic p75™™R inhibits tight junction disruption after stroke. (a, b) Western blot analysis and quantification of

(@) ZO-1 and (b) occludin expression in the cortices of mice injected with control AAV and p75KD AAV. N = 4. (c, d) Immunofluorescent co-
staining and quantitative analysis of ZO-1 (green) and CD31 (red) in the infarct cores and penumbra of mice injected with control AAV and
p75NTR cKD AAV. Scale bars = 50 pm. N = 4. (e, f) immunofluorescence co-staining and quantitative analysis of occludin (green) and CD31 (red)

in the infarct cores and penumbra of control and p75™™R

cKD mice. Scale bars = 50 pm. N = 4. Data are expressed as the mean + SD. *p < .05;

**p < .01; ***p < .001. ns, not significant.Ctrl, control; OCLN, occludin; ZO-1, zonula occludens-1; cKD, p75NTR cKD, astrocyte-specific p75NTR

conditional knockdown

+1.14; p75NTR cKD: 5.44 + 1.17). Taken together, these results
suggested that activation of astrocytic p75N™® deteriorated BBB

leakage after ischemic stroke.

3.5 | Astrocytic p75N"R impairs tight junctions of
BBB after ischemic injury via NF-«xB signaling

Previous studies demonstrated that astrocyte-derived MMP9 and VEGF
contribute to the degradation of tight junctions, thereby directly causing
BBB breakdown (Argaw et al., 2012; Zhang et al., 2018). As well, the
water channel protein AQP4 facilitates brain edema after stroke

(Filchenko et al., 2020). Therefore, we assessed the influence of p75N™R

on expression of MMP9, VEGF, and AQP4 in MAC-sorted astrocytes
from p75NTR cKD mice by Western blot analysis. Ischemic injury signifi-
cantly elevated astrocytic MMP9 (**p < .01), VEGF (*p <.001), and
AQP4 (**p < .01) protein expression which was attenuated by p75N™R
cKD (**p < .01, *p < .05 for VEGF, AQP4, respectively; and a strong ten-
dency to inhibit MMP9, p = .0586) (Figure 6a,b). In addition, a gelatin
zymography assay (a well-established assay for MMP activity, especially
MMP9) showed a decreased MMP9 activity (*p < .05) in brain homoge-

nates of p75NTR

cKD mice than the control mice after MCAQ, indicating
astrocyte p75N™R  knockdown reduced the expression of MMP9

(Figure S3).
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FIGURE 6 Knockdown of astrocytic p75N™R downregulats MMP-9, AQP4, VEGF, and NF-«B signals after stroke. (a, b) Western blot analysis and

quantification of astrocytic MMP9, AQP4 and VEGF expression in astrocytes MAC-sorted from the ischemic cortices of control and p7

SNTR KD mice.

N = 4. (c, d) Western blot analysis and quantification of astrocytic p-IKK expression and phosphorylation of NF-xB p-65 and phosphorylation of IkBa in
astrocytes MAC-sorted from control and p75™™® cKD mice. N = 4. Data are expressed as the mean + SD. *p < .05; **p < .01; ***p < .001;; ns, not
significant. Ctrl, control; cKD, p75N™R cKD, astrocyte-specific p75™ ™R conditional knockdown. [Correction added on January 28, 2022, after first online
publication: Knockdown of astrocytic p75NTR downregulats MMP-9, AQP4, VEGF, and NF-kB signals stroke. this has been updated)]

5NTR activates NF-xB signal-

The intracellular domain (ICD) of p7
ing (Caporali et al., 2015; Yuan et al., 2019), which is involved in many
inflammation related biopathological processes, including ischemic
stroke (Fann et al., 2018; Sivandzade et al., 2019). Furthermore,
MMP9 and VEGF has been shown to be upregulated in inflammatory
status via activation of NF-xB signaling pathway (Pan et al., 2020; Qin
et al.,, 2019; Wu et al., 2020). The pé5 is a member of the NF-«xB pro-
tein family, which is usually binded and inhibited by IxB protein in
health (Harari & Liao, 2010). However, after ischemic stroke,
proinflammatory cytokines and other endogenous danger signals acti-
vate the IkB kinase (IKK) complex, which phosphorylates IkBa and
leads to ubiquitination and proteasomal degradation of IkBa to release
pé5 (Howell & Bidwell, 2020; Zhan et al., 2016). Hence, we examined
the phosphorylation level of p65 and IkBa in astrocytes from control
and cKD animals. We found that ischemic stroke promoted phosphor-
ylation of p65 (**p < .01) and IxBa (**p < .01) in the MAC-sorted astro-
cytes from ipsilateral cortices of control animals, whereas the increase
in the p75"™R cKD astrocytes were mitigated (*p < .05, *p < .05,
respectively) (Figure 6c,d). Since IkBa is degraded by p-IKK, we also
tested the level of p-IKK. The p-IKK was upregulated in the control
astrocytes (**p < .01), while cKD of p75NTR
(*p < .05) (Figure 6¢,d). These results suggested that astrocytic p7

retarded the upregulation
SNTR
increased the expression and phosphorylation of IKK, degraded IkBa
and subsequently augmenting phosphorylation and activation of NF-
kB signaling pathway. Altogether, current results strongly suggest that

astrocytic p75NTR impaired BBB integrity by upregulating MMP9 and
VEGEF expression via the NF-xB signaling pathway.

3.6 | Astrocytic p75""R leads to OGD-induced
BBB disruption in vitro

To further investigate the mechanisms of astroglial p75N™R regulating
BBB integrity, in vitro OGD and reoxygenation (OGD/R) model was
used to mimic the stroke situations (Peng et al., 2020). Similar to
stroke insult, OGD/R exposure significantly upregulated p75NTR
expression (***p <.001) in astrocytes (Figure 7a). For the study of
in vitro BBB integrity, a model consisting of bEend.3 endothelial cells
and astrocytes (Figure 7c) was used. Astrocytes were cultured in the
24-well plates and bEend.3 cells were cultured on the luminal side of

transwell inserts to generate a co-culture system. The p75NTR

expres-
sion in astrocytes was silenced by siRNA before co-culturing with
bEend.3 endothelial cells, which led to about 70% of depletion effi-
ciency (vs. the scrambled siRNA, si Ctrl) (Figure 7b). Meanwhile,
p75NTR SiRNA and p75NTR overexpression (p75 OE) did not affect cell
viability of astrocytes after OGD/R (si Ctrl: 55.90 + 6.33%; si p75:
57.51 + 11.12%; Ctrl: 53.55 + 4.30%; p75 OE: 49.45+ 11.97%) (-
Figure S4c,d). First, we analyzed the BBB permeability by
measuring FITC-dextran leakage to the lower chamber after

OGD/R (***p < .001). The fluorescence intensity of FITC-dextran
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FIGURE 7 siRNA of p75NTR preservs tight junction protein expression and thus protects the in vitro blood-brain barrier (BBB) integrity after

OGD reoxygenation. (a, b) Western blot analysis and quantification of p75NTR expression in normal conditions or after OGD and reoxygenation
(OGD/R). The p75NTR expression was increased after OGD/R and OGD-induced p75N"R expression was inhibited by siRNA of p75NR (si p75)
versus the scrambled control siRNA (si ctrl). N = 4. (c) The schematic diagram of the in vitro BBB model. (d) In vitro BBB permeability to FITC-
dextran (70 kDa) when using astrocytes transfected with si ctrl or si p75. N = 4. (e, f) Western blot analysis and quantification of MMP-9, VEGF,
and p-pé5 expression in astrocytes from the in vitro BBB, which were transfected with si ctrl or si p75. N = 4. (g) Cell viability of bEnd.3
endothelial cells co-cultured with conditioned medium from astrocytes transfected with si ctrl or si p75 in normal conditions or exposed to
OGD/R. N = 4. (h, i) Western blot analysis and quantification of ZO-1 and occludin expression in bEnd.3 endothelial cells after OGD/R when
added conditioned medium from astrocytes during the OGD/R processes. Data are expressed as the means + SD. *p < .05; **p < .01; ***p < .001;
ns, not significant.Norm, normal O, conditions; OGD/R, oxygen and glucose deprivation/reoxygenation; si ctrl, scramble siRNA; si p75, siRNA of

p75NTR; OCLN, occludin; ZO-1, zonula occludens-1

increased in the control system (co-cultured with control astro-
cyte), while that in the knockdown condition (co-cultured with
p75NTR knockdown astrocytes) was significantly attenuated
(si Ctrl: 1124.72 + 147.71; si p75: 668.85+ 92.79, **p <.01)
(Figure 7d). In addition, the p75NTR silencing significantly attenu-
ated the upregulation of p-p65, MMP9 and VEGF (**p <.01,
**p < .01, *p < .05, respectively) in astrocytes in the in vitro BBB
model following OGD/R (Figure 7e,f).

Then we evaluated the impact of astroglial p75"™® on the endo-
thelial cells analyzing the tight junction proteins of the bEend.3 cells
after adding the CM (conditioned medium) of astrocytes (transfected
with the scrambled siRNA or the p75N™R siRNA) during the OGD/R

processes. When exposed to OGD/R, the cell viability of bEend.3
endothelial cells was not affected by the astroglial CM (transfected
with the scrambled siRNA 39.06 + 7.25% or p75"™R siRNA 45.76
+ 9.31%) (Figure 7g), suggesting astrocytic p75N"R do not affect apo-
ptosis of endothelial cells in hypoxia condition. However, the CM of
KD astrocytes preserved OCLN expression in bEend.3 cells compared
with control CM (vs. the scrambled siRNA, *p < .05) (Figure 7h,i). In
addition, a slight increase of ZO-1 protein expression (p = .3032) was
observed in the p75NTR siRNA group (Figure 7h,i), no significance
though. Thus, our results suggested that astrocytic p75™™® facilitated
MMP9 and VEGF expression, contributing to the tight junction
impairment and subsequent BBB disruption.
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FIGURE 8 Inhibition of p75N™R, NF-kB p-p-65, or HIF-1a protects the BBB integrity after OGD reoxygenation. (a-c) Western blot analysis
and quantification of MMP-9, VEGF, and p-p65 expression in astrocytes treated with (a) LM11A-31, a p75"™R inhibitor, (b) compound E, a
y-secretase inhibitor, (c) JSH-23, a p-p65 inhibitor and/or PX-478, a HIF-1a inhibitor. (d-f) Western blot analysis and quantification of ZO-1 and
occludin expression in bEnd.3 endothelial cells after OGD/R when added conditioned medium from astrocytes which were treated with

(d) LM11A-31, (e) compound E, (f) JSH-23 and/or PX-478 during the OGD/R processes. (g) The in vitro BBB integrity measured by FITC-dextran
(70 kDa) across the BBB in different treatment groups in normal O, conditions. (h) The in vitro BBB permeability to FITC-dextran (70 kDa) when
exposed to different inhibitors during the OGD/R. data are expressed as the means + SD. N = 4.*p < .05; **p < .01; ***p < .001; ns, not significant.
Norm, normal O, conditions; OGD/R, oxygen and glucose deprivation/reoxygenation; OCLN, occludin; ZO-1, zonula occludens-1

3.7 | p75 R regulates OGD-induced BBB (blocking the ligand binding site of p75™™® (Simmons, 2017) and the
disruption via NF-«B and HIF-1a signals in vitro compound E (the y-secretase inhibitor, blocking the cleavage of ICD
of p75NTR) (Forsyth et al., 2014; Le Moan et al., 2011; Schachtrup

To further verify the function of astroglial p75™™® in the BBB integrity et al., 2015) to pharmacologically block signal transduction of p75NTR.

during the OGD/R, we treated primary astrocytes with LM11A-31 Please note, both LM11A-31 and compound E did not affect the
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FIGURE 9 The p75N™ inhibitor LM11A-31 ameliorates stroke-induced brain ischemia injury, and improves neurological functions after
ischemic stroke. (a) Representative TTC staining of mice brains treated with saline or LM11A-31 by intravenous injection. (b) Quantitative analysis
of infarct volume. N = 8. (c) Quantitative analysis of relative edema volumes by measuring ischemic hemispheric enlargements. N = 8. (d)
Neurological severity scores. N = 12. (e) Quantitative analysis of EB content in ischemic hemispheres. N = 7. (f) Representative EB staining of
mice brains. Data are expressed as the mean + SD. *p < .05; **p < .01; ***p < .001

integrity of the in vitro BBB model in normal conditions (Figure 8g),
indicating no cytotoxity of the drugs to the BBB. We found that
LM11A-31 (Figure 8a) and compound E (Figure 8b) both hampered
the increase of p-p65, MMP9 and VEGF proteins (LM11A-31: p-pé5,
MMP9, and VEGF, **p < .01, **p < .01, **p < .01, respectively; Com-
pound E: MMP9 not significant p = .1696, p-p65 **p < .01, VEGF
*p < .05) in astrocytes after exposure to OGD/R (Figure 8a,b). As well,
CM from LM11A-31-treated astrocytes prevented downregulation of
OCLN (**p <.01) in bEnd.3 endothelial cells during the OGD/R pro-
cesses and partially preserved ZO-1 expression (not significant,
p = .4245) (Figure 8d). Similarly, CM from compound E treated astro-
cytes significantly prevented the decline of OCLN protein expression
(*p <.05) during the OGD/R (Figure 8e). As expected, following
OGD/R, LM11A-31 (**p < .01) or compound E (**p < .01) both signifi-
cantly protected the integrity of the in vitro BBB (Blank: 1214.58
+138.86; LM11A-31: 642.22 + 93.87; compound E: 725.57 + 71.16)
(Figure 8h). Thus, our results indicate that inhibition of astroglial
p75NTR is beneficial for the BBB integrity after OGD/R.

p75NT™R was reported to activate NF-xB signaling (Caporali
et al, 2015) and p75N™R can directly interact with the E3 RING
ubiquitin ligase (Siah2) which regulates HIF-1a degradation, thus, sta-
bilizes HIF-1a proteins and upregulates VEGF expression under the
HIF-1a promotor in hypoxia conditions (Le Moan et al., 2011). There-
fore, we next blocked the NF-xB signaling and HIF-1a signaling sepa-
rately by using their selective inhibitors, JSH-23 and PX-478,
respectively. In astrocytes, JSH-23 and PX-478 both attenuated
upregulation of p-p65 (JSH-23: **p < .01; PX-478: *p < .05), MMP9
(JSH-23: *p <.05; PX-478: *p < .05), and VEGF (JSH-23: **p <.01;

PX-478: **p < .01) (Figure 8c), strongly suggesting NF-xB and HIF-1a
mediate MMP9 and VEGF expression in astrocytes under hypoxia.
Additionally, CM from JSH-23 treated or PX-478 treated astrocytes
inhibited downregulation of OCLN (*p < .05) in bEnd.3 cells exposed
to OGD/R (Figure 8f), but not for the decrease of ZO-1 (JSH-23:
p = .4412; PX-478: p = .5613) (Figure 8f). Nevertheless, both JSH-23
and PX-478 protected the integrity of the in vitro BBB (Blank:
1214.58 + 138.86; JSH-23: 901.97 + 240.60; PX-478:. 757.81
+ 98.17) following OGD/R (Figure 8h). Therefore, our results suggest
that astroglial p75N™R causes BBB disruption after ischemia injury via

NF-xB and HIF-1« signaling pathways.

3.8 | LM11A-31 improve ischemic stroke-induced
outcomes

Considering the importance of p75™™R in BBB breakdown, we investi-
gated the potential application of p75"™® as a therapeutic target of
ischemic stroke. The p75NTR inhibitor, LM11A-31 is a small molecule
with high BBB permeability for which the phase 2 clinical trials in AD
patients has been finished (Mufson et al., 2019; Patnaik et al., 2020).
Thus, we utilized LM11A-31 in an attempt to reduce brain ischemic
injury. Compared to vehicle (saline), tail vein administration of
LM11A-31 (50 mg/kg) immediately after MCAO operation signifi-
cantly decreased the volumes of infarct region (Saline: 36.46 + 8.81%;
LM11A-31: 25.11 + 7.89%; *p < .05) 24 h after stroke (Figure 9a,b)
and reduced ischemia-induced brain edema (Saline: 8.86 * 2.49%;
LM11A-31: 5.23 + 2.54%; **p < .01) (Figure 9c), as well as the EB
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extravasation into the parenchyma (Saline: 8.73 + 2.17 pg/g; LM11A-
31: 476 + 2.07 pg/g; *p < .05) (Figure 9¢,f). Furthermore, LM11A-31
administration significantly decreased NSS (Saline: 9.33 +0.78 ;
LM11A-31: 7.92+1.78; *p <.05) after brain ischemia injury
(Figure 9d). Together, these results strongly implicate p75N"R as a
potential therapeutic target of ischemic stroke by preventing BBB

breakdown and improving functional outcomes.

4 | DISCUSSION

p75NTR expression in the brain has been demonstrated to be pro-
voked in different cell types (e.g., neurons, astrocytes, and endothelial
cells) by a variety of pathological insults such as ischemic stroke
(Irmady et al., 2014; Mufson et al., 2019), though the focus was mainly
on its functions to induce neuronal apoptosis. In the current study, we
also observed that p75N™R was already upregulated in the infarct-
affected area at 1 hpi in a mouse MCAO model of ischemic stroke.
We further showed that the enhanced p75N™R expression was first
detected in neurons and subsequently in a subset of astrocytes and
endothelial cells at least at 8 hpi, suggesting contributions of non-
neuronal p75N™R to the pathological progression in ischemic stroke.
Since astrocytes and endothelial cells are primary components of the

BBB, our results strongly suggest p75N™R

might play important roles
in regulating BBB functions after ischemic stroke. Indeed, a recently
study showed ischemia reperfusion injury upregulated p75N™® expres-
sion in endothelials in neonatal mice brain and the upregulated
p75NTR could induce endothelial cell death and disruption of tight
junction proteins after OGD/R (Kuo et al., 2019). However, the func-

tion of astrocytic p75NR

remains elusive. Utilizing cell-specific
p75NTR knockdown strategies in astrocytes in vivo and in vitro, in the
present study we demonstrated that astrocytic p75NTR contributed
to the disruption of the BBB to exacerbate brain ischemic injury. To
our knowledge, this was the first study to characterize the role of
astrocytic p75NTR in ischemic brain injury.

In line with previous studies using p75NTR~/~

mice, we observed
improved outcomes such as reduced infarct volume and neurological
scores in p75NT**~ mice after MCAO. Moreover, the BBB integrity

was also better preserved in the p75NTR*/~

mice after ischemic injury.
To assess the contribution of astrocytic p75N'R to the BBB disruption,
we specifically knockdown the p75NR in astrocytes by an AAV-
mediated shRNA approach (p75NTR cKD). Consistent with the results
of genetic p75N™R knockdown in p75NTR+/~ mice, cKD of astrocytic
p75NTR also improved the BBB function as well as other outcomes
after ischemic stroke, however, to a less extent. These results agreed
with previous studies that the elevated p75™™® from other cellular
sources such as neurons and endothelial cells also contribute to the
pathology of ischemic stroke. For example, studies in the retinal ische-
mia reported that endothelial p75N™® increasing blood-retinal barrier
permeability by inducing endothelial cell apoptosis via activation of
JNK,p38 MAPK and cleaved-PARP signaling pathways or by reducing
tight junction protein expression and redistribution in the cell wall via
RhoA-F-actin pathway (Elshaer et al, 2019; Shanab et al., 2015).

Recently, Kuo et al. even showed that p75N™® caused bEnd.3 endo-
thelial cells apoptosis and tight junction degradation under OGD and
reoxygen injury (Kuo et al., 2019). In addition, upregulated p75N™R in
neurons has been reported to cause neuronal apoptosis after stroke
(Irmady et al., 2014; Jover et al., 2002; Park et al., 2000). However,

5NTR was reported to not induce apoptosis but to cause

astrocytic p7
astrocyte activation after brain injuries (Schachtrup et al., 2015). Like-
wise, our results showed that astrocytic p75™"™® knockdown reduced
GFAP expression in the infarct-affected area after MCAO. Moreover,
p75NTR SiRNA or p75NTR overexpression did not have a significant
effect on cell viability of astrocytes when exposed to 4-h OGD/R
in vitro. Taken together, these results suggest that p75N'R
upregulation induced astrocyte activation rather than apoptosis to
exacerbate BBB disruption after ischemic stroke.

It is known that activated astrocytes could secrete MMPs
(e.g., MMP-9) and cytokines (e.g., VEGF) causing degradation of TJ
proteins, thereby destroying BBB integrity (Argaw et al., 2012; Li
et al,, 2014; Zhang et al., 2018). We also found that knockdown of
astrocytic p75N™R decreased MMP-9 and VEGF expression, reducing
the degradation of TJ proteins (e.g. ZO-1 and OCLN). Consistent with
other studies (Le Moan et al., 2011; Schachtrup et al., 2015), we could
show that cleavage of p75NTR by y-secretase was essential for its fun-
ctioningin regulating MMP9 and VEGF expression. Furthermore, we
identified NF-xB signaling was involved in the downstream functions
of astrocytic p75N™R. NF-xB is known to regulate glial inflammatory
response (Frakes et al., 2014; Xu et al., 2017; Zaghloul et al., 2020),
therefore astrocytic p75N™® might contribute to not only BBB break-
down but also augmented neuroinflammation, synergistically promot-
ing cellular response (e.g., leukocyte infiltration and microglia
activation), brain edema/damage as well as impaired neurological
functions after stroke. On the other hand, although p75N™® was
shown to induce endothelial cell death, we only observed a subset of
endothelial cells increasing p75N™® expression upon ischemic injury
and the proportion of these p75NTR-expressing endothelial cells was
rather maintained at about 30%. Moreover, many studies suggested

ischemic injuries induced very limited, irrespective the p75N™R

expres-
sion, endothelial cell loss in vivo. For example, Krueger et al. (Krueger
et al,, 2015) showed only less than 2% of blood vessels lost endothe-
lial cells in the infarct core area and almost no blood vessels lost endo-
thelial cells in the penumbra 24 h after MCAO. Another study
reported that only 10% of all endothelial cells were TUNEL-positive at
3 days after MCAO in rats (Zuo et al., 2018). Therefore, we might sug-
gest in the area without enhanced endothelial p75N™ expression

astrocytic p75NTR

significantly contributes to the disrupted tight junc-
tions in terms of triggering cytokines and MMPs released from acti-
vated astrocytes, which was suggested as the major causes of BBB
leakage after ischemic stroke in previous studies (Bernardo-Castro
et al.,, 2020; Gao et al., 2020; Jiang et al., 2018). Nevertheless, further
studies are required to investigate the detailed mechanisms of p75NTR
in regulating functions and interactions of astrocytes and endothelial
cells in ischemic stroke.

Last but not least, p75™™R may be a potential pharmaceutical tar-

get for ischemic stroke. The p75N™R inhibitor, LM11A-31, is a non-
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peptide small molecule which has structural and chemical features sim-
ilar to the NGF loop 1B-turn domain and can cross the BBB (Massa
et al., 2006; Nguyen et al., 2014). Administration of 50 mg/kg LM11A-
31, significantly reduced BBB permeability, brain edema, infarct vol-
umes, and further alleviated neurological deficits after stroke,
suggesting that LM11A-31 was neuroprotective after ischemic stroke.
The protective effect of LM11A-31 was partially due to the inhibition
of astrocytic p75NTR, but we could not exclude the contribution of
inhibitory effect of LM11A-31 on the neuronal and endothelial
p75NTR Thus, further investigation on the role of neuronal or endothe-
lial p75N™R is required. Nevertheless, because oral administration of
LM11A-31 has finished phase 2 clinical trials in AD patients (results
currently has not been reported) and did not show significant cytotox-
icity or cardiotoxicity in phase 1 clinical trials (Mufson et al., 2019;
Patnaik et al., 2020), long term preventive administration of LM11A-
31 is possible. So, our findings suggested that LM11A-31 might be a
potential preventive or therapeutic drug for ischemic stroke.

In conclusion, our results provided novel insight into the role of
astrocytic p75NTR in BBB disruption during acute cerebral ischemia.
Knockdown of astrocytic p75™™R ameliorated BBB leakage through
inhibition of the NF-xB p-65 and HIF-1a signaling pathways, and pre-
served tight junctions by reducing astrocyte-derived MMP-9 and
VEGF. The protected BBB inhibited leukocyte infiltration and
microglia activation, thus may alleviate brain tissue damage, leading to
an overall functional improvement after ischemic stroke. In addition,
the p75N™R inhibitor, LM11A-31, significantly mitigated BBB leakage
and cerebral infarction, and thereby protected neurological functions

after stroke. Overall, these results suggested that astrocytic p75N™R

was critical in BBB disruption, and p75NTR

might be a potential thera-
peutic target for treatment of ischemic stroke. Because BBB disrup-
tion is an important contributor to several inflammatory brain
disorders, the findings of this study may be applied to other disease

processes including, but not limited to ischemic stroke.
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